ABSTRACT A constant frequency double-integral sliding mode controller (DISMC) is proposed for the regulation of a four-quadrant continuous gain dc-dc converter based on quasi-Z -source (ZS) topology. No controller has yet been proposed for the control of this particular converter in the literature so far. Fourquadrant converters based on hybrid ZS networks or coupled inductors have been proposed in the past, but this converter is unique in the sense that it uses minimum number of passive devices and active switches to provide bidirectional current and bipolar output voltage. This makes the converter preferable to use in renewable energy or motor drive applications that require a four-quadrant operation. The proposed controller eliminates steady-state errors and provides robust control in the face of large input voltage or load variations. It enables the converter to provide a fast dynamical response over a wide operating range. Simulations of the proposed controller have been performed in MATLAB/Simulink, where the results of DISMC have also been compared with those of single integral sliding mode control.
I. INTRODUCTION
In recent years, considerable attention of the research community has shifted towards the development of renewable energy systems such as wind turbines, fuel cells, photovoltaic (PV) panels, etc. However, PV panels or fuel cells yield low unstable dc voltage in the range of 12V to 80V which needs to be regulated and boosted up to a common dc link voltage of 200 or 400V DC for grid requirements [1] , [2] or 200−500V DC for electric vehicle applications [3] . This power conversion is usually done through dc-dc power converters.
Traditionally boost converter has been used for stepping up the voltages but its voltage gain is often inadequate due to parasitic resistances and higher stress on switches and diodes [4] . Other high gain non-isolated step-up converters have also been proposed in the literature. Some of them use switched inductors [5] , [6] , switched capacitors [7] , coupled inductors [8] or switched capacitors along with coupled inductors [9] to achieve high gains. Other converters that employ voltage multiplier techniques to increase their voltage gains are reported in [10] and [11] . Similarly, a dc-dc converter with cascaded configuration has been proposed in [12] and an interleaved configuration based dc-dc converter has been proposed in [13] .
However, the converters mentioned above are all complicated and increase the overall cost and size of the system. Z-source (ZS) network consisting of two capacitors and two inductors connected in an X shape was introduced in [14] and is represented in Figure 1 . The ZS network was initially used as an inverter for motor drive and renewable energy applications because of its ability to utilize shoot through state along with its ability to provide better voltage gain than a simple boost converter. However, it still has some shortcomings such as discontinuous input current and an absence of common ground between input and output. The most significant improvement of ZS came with the introduction of quasi-Z-source (QZS) network [15] . The QZS network not only retains all the advantages of the original ZS network but also provides common ground between the input and output. Additionally, it also provides continuous input current.
ZS and QZS networks have also been used as dc-dc converters and different topologies have been proposed for various applications [16] - [25] . In [26] , a family of ZS and QZS converters was proposed, shown in Figure 2 , that provided four quadrant operation using minimum number of passive devices and switches. It was found that the converter topologies can all be derived from the simple ZS network shown in Figure 1 . For instance, QZS converter topology shown in 2(b) is equivalent to the popular continuous voltage fed QZS Inverter topology proposed in [15] with switch S 1 and S 2 replaced with diode and inverting bridge respectively. The ability of these converters to provide bidirectional current and bipolar output voltage just by controlling the duty ratio makes them simple and economical for many renewable and DC drive applications.
The family mentioned above can be divided into continuous gain and discontinuous gain converters as shown in figure 2. In [24] , the ZS and QZS continuous gain topologies of figure 2 have been recommended for zero voltage electric load testing because of their ability to act as ideal current source at 0.5 duty ratio. Whereas, a transformer-less semi Z-source inverter, using coupled inductor based on continuous gain ZS topology shown in figure 2(c) has been proposed in [27] . The inverter was proposed for interfacing renewable energy sources such as solar PV with utility grid in a standalone system. Moreover, because of their four-quadrant operation, the converters have also been proposed for DC motor drive applications and for other renewable applications that require the use of four quadrant converters [24] , [26] , [28] . For DC motor drives in particular, H-bridge converters have traditionally been used to provide four-quadrant operation that consists of forward, backward, motoring and braking modes. However, H-bridge inverters utilize four active switches that increase the cost and weight of converter. Another option is to connect converters back to back to provide bi-directionality but that also increases the overall expense and makes the converter bulky [29] .
Converters capable of providing four quadrant operation have been proposed in the past. ZS converters capable of providing bipolar output voltage and bidirectional current have been proposed in [30] . Other converters that use hybrid Z-source networks or coupled inductors to achieve four quadrant operations have been proposed in [31] and [32] . However, in comparison to the family of ZS and QZS converters shown in figure 2, all these topologies have to use extra capacitors, coupled inductors or additional active switches, which increase the overall cost and complexity of these circuits.
To use the four quadrant converter topologies shown in figure 2 for the applications mentioned above, an appropriate control is required to cope with the disturbances in input voltage or in load demand. One of the popular control techniques is Sliding mode control (SMC), which was initially designed for the control of variable structure systems just like power converters and has since been applied to several nonlinear systems [33] . It guarantees stability and excellent robustness against parametric uncertainties or variations in input or output voltages. In recent literature, controllers based on SMC technique have been used for different power converter systems, for instance, for the control of cascaded converters in [34] and [35] , and for the output voltage control of a quadratic boost converter in [36] . In [37] and [38] , SMC based setup has been proposed to improve the performance of hybrid generation system. Furthermore, in order to harvest energy more efficiently from wind, control strategies have become unavoidable. In [39] and [40] , fuzzy logic based integral sliding mode controller has been proposed to extract maximum electrical energy from wind and to eliminate higher order voltage harmonics. Whereas, in [41] , a backstepping based controller for stroke piston and a sliding mode pump displacement controller has been designed to smooth load fluctuations and generator power for wind turbines.
Despite its popularity as a theoretical nonlinear control technique, practical application of SMC in power converters still faces some challenges. One challenge is of variable operating frequency, which results in problems in the design of circuit filters. This issue can be resolved by the use of PWM technique to keep the operating frequency constant. However, SMC with PWM results in a significant steady state error (SSE). The SSE can be reduced by the use of integral sliding mode control (ISMC), a technique in which an integral term of the state variables is added in the sliding mode controller. To further improve the system steady state accuracy, a second integral term of the tracking error has been proposed in [42] . This is referred to as Double Integral Sliding Mode Controller (DISMC), which results in faster dynamic response for a wider range of operating conditions with greatly reduced SSE. DISMC has recently been proposed in [43] for an accurate tracking of optimal dc current for maximum wind power extraction and in [44] for maximum power point tracking of a PV system. SMC has been previously applied on ZS and QZS network topologies. In [45] , PWM based SMC was used on ZS inverter to control its output DC voltage, while in [46] ISMC has been applied on QZS inverter with the purpose of controlling the battery charging current for a renewable energy system. Further in [47] , SMC has also been applied on single phase QZS inverter but this time with the explicit intent of controlling the capacitor voltages. Finally, in [28] , SMC has been applied on the discontinuous QZS dc-dc converter shown in figure 2(b) for DC motor drive application.
So far, no controller has been designed to control continuous QZS converter topologies shown in figure 2 . The main contribution of this paper to literature is a new controller based on DISMC for QZS converter shown in figure 2(d). Our aim is to make sure that converter gives minimum SSE while handling disturbances in input voltage or in load demands for four quadrant DC motor drive application. In section II, overview of the proposed converter topology is presented and its steady state mathematical model is derived. In section III, architecture of sliding mode controller is presented and the control equation for the converter is derived. The simulation results are presented in section IV. Derivation of single integral sliding mode controller for comparison purposes is presented in section V and the conclusion is drawn in section VI. Figure 2 shows the family of ZS and QZS converter family that was proposed in [26] . It was shown that the whole family can be derived from the simple ZS network. All four topologies are capable of producing both positive and negative voltages but only topologies shown in figure 2(c) and 2(d) can produce continuous voltage gain curves hence allowing them to be used for inverter applications. The graphs of voltage gain for both the continuous and discontinuous converters are shown in figure 4 .
II. MATHEMATICAL MODELING OF QUASI-Z-SOURCE CONVERTER
In this paper, we have designed sliding mode controller for the continuous voltage gain converter shown in figure 2(d). It consists of a QZS impedance network with two active switches. The two switches consist of mosfet with its anti-parallel diode since mosfets can provide current bidirectionality. The QZS impedance network consists of two capacitors C 1 , C 2 and two inductors L 1 and L 2 . Let us denote the switching period by T s . Switch S 1 is on for the duration uT s , where 0 < u < 1. The duty ratio is defined as the ratio of time switch S 1 is on, which is u in this case. For better elucidation of the converter, it is redrawn in figure 3 . To show the four quadrant operation of the converter, a voltages source E o in series with a resistance R has been considered as the load in the converter. The output voltage is represented by v o .
For the interval 0 ≤ t ≤ uT s , switch S 1 is on and S 2 is off. Using Kirchoff's laws, we can write the following equations. For the interval uT s ≤ t ≤ T s , switch S 1 is off and S 2 is on. Using Kirchoff's law, we can write the following equations.
Now applying volt-sec balance on L 1 and L 2 and charge balance on C 1 and C 2 , we get:
The voltage gain of the converter is found to be:
As shown in figure 4b , the converter provides continuous bipolar output voltage and operate in three modes. From u = 0 to 0.5, we get positive buck output voltage. From u = 0.5 to 0.66, we get negative buck voltage and from u = 0.666 to 1 we get negative boost voltage.
III. CONTROLLER DESIGN METHODOLOGY
The proposed sliding mode controller has two defining characteristics. It is a reduced state based controller and it operates on constant frequency. The reason for operating at constant frequency has been already explained in section I. A reduced state controller is used because it requires the sensing of minimum number of state variables and the generation of minimum number of signals. This makes the resulting controller simpler to design and implement. Our control variables are only voltage and current errors. To calculate the voltage error, the reference voltage needs to be sensed but the reference current is generated directly from the amplified voltage error as shown in equation (14) .
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A. PROPOSED SLIDING SURFACE
For the control of power converter, our control input u can only take values between 0 and 1.
Our logic function for the switching state u is given by
where s represents the state trajectory and s = 0 is sliding surface of the system. The sliding surface s is given by the linear combination of state variables:
where α 1 ,α 2 , α 3 , α 4 are the sliding coefficients. As mentioned before, proposed sliding surface employs capacitor voltage and inductor current errors as our control variables. The other control variables are integral and double integral of sum of voltage and current errors respectively. The control variables are given below:
At infinite or very large frequency we could have achieved desired results using only x 1 and x 2 as our only control variables. But in quasi sliding mode control with limited or fixed frequency, using only x 1 and x 2 results in imperfect control as significant SSE still remain in output voltage and inductor currents. The x 3 term alone can reduce the error but cannot fully eliminate it. Hence, the integral term x 3 and the double integral term x 4 are needed to subdue these SSE.
B. MATHEMATICAL MODELING OF CONVERTER AND ITS EQUIVALENT CONTROL
Lets substitute QZS converter model equations given in equations [9] - [12] into time differential equations for the control variables given above [18] - [21] . We get the following dynamical model of the proposed system:
Equivalent control of proposed converter is found by solving equationṡ = 0 whereṡ = α 1ẋ1 + α 2ẋ2 + α 3ẋ3 + α 4ẋ4 and it comes out to be:
u eq is bounded by 0 and 1.
C. ARCHITECTURE OF CONTROLLER
The proposed controller is based on fixed frequency PWM SMC technique. The control law comprises of two signals: the control signal v C and a fixed frequency ramp signal v ramp . The ramp signal keeps the frequency of the converter constant.
where
and
are fixed gain parameters of controller. Figure 5 shows the proposed PWM based reduced state controller for the QZS converter. The design is based on the analog implementation of control equation [27] and the ramp equation [28] . To make sure that the duty ratio is less than 1, a square wave signal and a multiplier has been added to the output of PWM block. 
D. EXISTENCE CONDITION
For sliding mode operation to take place successfully, there are three conditions that need to be met. These are 1) Hitting condition and 2) Existence condition 3) Stability condition. Hitting condition ensures that, s, our state trajectory eventually reach within the proximity of the sliding surface no matter where it starts. The hitting condition has already been met with the pertinent choice of switching function. Existence condition, on the other hand, makes sure that once the trajectory is in proximity of sliding manifold, it reaches the sliding surface.
To ensure that sliding mode does take place, we need to guarantee the local reachability condition that can be mathematically written as:
Substituting equation (17) and its time derivative in the equation above, the inequality can be mathematically formulated as:
Assuming constant values of Capacitors C 1 and C 2 and inductors L 1 and L 2 the two cases will be as follows:
• Case 1: s → 0 + ,ṡ < 0 Substituting u=1 in inequality equation,
• Case 2: s → 0 − ,ṡ > 0 Substituting u=0 in inequality equatioṅ
The above two conditions are satisfied for the range of practical values of input voltage for the QZS converter. The values of sliding coefficients are calculated from the above equations.
E. STABILITY CONDITION
If we replace u by its equivalent control u eq in the discontinuous model of our converter, we get an ideal sliding mode continuous system. The mathematical model of our system can be represented as:
The sliding coefficients were selected by studying the effects of altering our control gains on the output voltage. Following results were concluded:
• Increase in K decreases the SSE but makes the transient response more oscillatory thus increasing the settling time.
• Changes in K 1 can be made to increase or decrease the slope of our response.
• Small increase in K 2 slightly decreases the settling time but increases the SSE.
• Small increase in K 3 decreases the overshoot in transient response but slightly increases the settling time. Based on the observations above, we fine-tuned the values of K 1 , K 2 and K 3 until we got the desired performance from the controller.
IV. SIMULATION RESULTS
The specifications of the QZS converter and the values of sliding coefficients are shown in table 1. The block diagram of converter and the controller is shown in Figure 5 . Because DISMC minimizes SSE over a wide operating range, it allows the converter to be used for different applications. In this paper we have used the converter for a DC motor drive application. The converter modes of operation can be categorically divided into three categories namely positive buck, negative buck and negative boost. Furthermore, to show the four quadrant operation of the converter, Eo voltage is adjusted in each mode to show the bi-directionality of current flow in the converter.
To thoroughly test the performance of the proposed controller under different operating conditions, in each mode it underwent three further tests:
• Variable reference voltage with fixed input voltage.
• Fixed steady state output voltage with uncertain input voltage. • Fixed steady state output voltage with uncertain load variations. In addition to the three modes mentioned above, the converter was also operated in High Voltage Boost mode to show Figure 6 . At t = 0.2s, input voltage is given a step input and changed from v g = 40V to v g = 55V and then brought back at t = 0.4s. In the positive buck mode, default output reference voltage is 15V. At time 0.6s we give a step input and change the voltage to 25V and then bring it back to 15V at t = 0.8s. Both input voltage variations and reference voltage tracking is shown in Figure 7 (a). Furthermore, Eo is 5V to keep i o > 0. This is shown in Figure 7 a step input and changed from v g = 40V to v g = 55V and then brought back at t = 0.4s. In the negative buck mode, default output reference voltage is −15V. At time 0.6s we give a step input and change the voltage to −25V and then bring it back to −15V at t = 0.8s. Both input voltage variations and reference voltage tracking is shown in Figure 9 (a). Furthermore, Eo is 5V to keep i o < 0. This is shown in Figure 9 (b). b) Load Voltage Variation: At t = 0.4s, load resistance is increased from R = 40Ω to R = 80Ω and then brought back at t = 0.6s. Results are shown in Figure 10 .
3) Negative Boost: a) Reference Voltage Tracking and Input Voltage Variation
The graph of input voltage variation is shown in Figure 6 . At t = 0.2s, input voltage is given a step input and changed from v g = 40V to v g = 55V and then brought back at t = 0.4s. In the negative boost mode, default output reference voltage is −60V. At time 0.6s we give a step input and change the voltage to −75V and then bring it back to −60V at t = 0.8s. Both input voltage variations and reference voltage tracking is shown in Figure 11 (a). Furthermore, Eo is −70V to keep i o > 0. This is shown in Figure 11 (b). b) Load Voltage Variation: At t = 0.4s, load resistance is increased from R = 40Ω to R = 80Ω and then brought back at t = 0.6s. Results are shown in Figure 10 .
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V. COMPARISON WITH SINGLE INTEGRAL SLIDING MODE CONTROL
The results of DISMC have also been compared with the results of a simple ISMC and are shown in Figure 14 . Primary difference between the derivation of ISMC and DISMC is in the number of control variables used. For ISMC, we will use only three control variables namely x 1 , x 2 and x 3 . The new sliding surface equation we will use is:
where the control variables are:
Following the same mathematical steps as done previously, we end up with the following equations for control signal v c and ramp signal v ramp :
The Figure 14 (a) shows the comparison of DISMC with ISMC controller for simple negative boost mode while Figure 14(b) shows the comparison for high voltage gain mode. As for Figure 14(a) , it can be seen that the results of both ISMC and DISMC are quite similar for both input voltage variations and reference voltage tracking. However, in Figure 14(b) , it can be seen that the SSE in case of DISMC is clearly less that the error in case of ISMC. The settling time for both DISMC and ISMC is almost the same. Hence, the advantage of DISMC in comparison with ISMC becomes apparent when high voltage gain is required.
VI. CONCLUSIONS
A theoretical derivation of a controller based on double integral SMC has been proposed for the voltage regulation of a continuous voltage gain quasi-Z-source converter. In the literature, no such controller has yet been proposed for this particular converter so far. A mathematical analysis of the stability of the DISMC for the converter has been presented using Lyapunov stability theory. The results show that the proposed nonlinear controller is capable of providing reference voltage tracking and constant output voltage in face of fluctuations in input voltage and load currents in all four quadrants of the converter. The controller based on DISMC reduces the SSE significantly and gives us large-signal handling capabilities to maintain robustness under large variations in load demands. To emphasis this point, reference voltage tracking and input voltage variations have been done at high voltage gain as well. A comparison with single ISMC has also been done to show the reduction of SSE by applying DISMC instead of simple ISMC. The simulations have been performed in MATLAB and the results are provided for each of the three modes of operations for the converter. VOLUME 6, 2018 
